A simple and compact, self-isolated printed antenna able to operate in the 2.4 GHz (2400-2484 MHz) and 5 GHz (5150-5825 MHz) wireless local area network (WLAN) bands in notebook computers is introduced. The design is built on a low-cost substrate with the dimensions 6 mm × 30 mm (about 0.05λ×0.24λ at 2.4 GHz) and comprises a symmetrical coupled-fed loop and two parasitic shorted strips. For size reduction, the 2.4 GHz loop is loaded with a pair of L-shaped stubs above the feeding and coupling T strip. The parasitic strips shorted on both sides of the coupling T strip are further added to generate the 5 GHz band resonance. The results show that good radiation characteristics can be obtained in the bands of interest. In addition, when grouping three proposed designs with a gap of 4 mm between them, the results for each antenna impedance bandwidth, the isolation between any two of the three designs, and the envelope correlation coefficient (ECC) are also satisfactory.
INTRODUCTION
Quite recently, the internal antennas with the self-decoupled [1, 2] or self-isolated [3, 4] properties in the multiple antenna system have been reported for 4G and 5G mobile phone applications. These antennas when combined in close proximity offer attractive features in which no additional decoupling structures are required for acceptable port decoupling and low envelope correlation coefficients (ECCs). The isolation level of the worst case (largest value) for the antennas studied in [1, 2] reaches 10 dB while that in [3, 4] is much better and at about 18 dB. Moreover, the self-isolated antenna design shown in [4] is actually derived from a similar design in [3] for overall size reduction. Nonetheless, these two antennas [3, 4] can only operate in the single band at 3.5 GHz (3400-3600 MHz).
In this paper, a new, compact, and printed self-isolated antenna targeted at dual-band operation in the 2.4 GHz (2400-2484 MHz) and 5 GHz (5150-5825 MHz) wireless local area network (WLAN) bands for notebook computers is introduced. The antenna is fabricated on a low-cost substrate of size 6 mm×30 mm (about 0.05λ×0.24λ at 2.4 GHz), including the small antenna ground of size 1 mm×30 mm and placed above the top edge of the supporting metal plate of a notebook display. The design has a symmetrical structure and comprises a coupled-fed loop with a feeding, coupling T strip, and two parasitic shorted strips. The loop and the antenna ground form a close-form loop structure for 2.4 GHz operation while the parasitic strips on both sides of the coupling T strip are added to generate the 5 GHz band resonance. Thereby, a dual-band WLAN operation can be achieved for the proposed self-isolated antenna. The design prototype and results thereof are described and discussed in the article. Figure 1 (a) shows the proposed design placed above the top edge of the display metal plate of the notebook computer for the prototype studies. The antenna is fabricated on a 0.4-mm-thick, flame retardant 4 (FR4) substrate (ε r = 4.4) of size 6 mm × 30 mm and spaced 40 mm apart from the topright display corner. This 40 mm clearance area is usually reserved for the mechanical structures, not for any antenna placement. The small antenna ground of size 1 mm × 30 mm is reserved in the design footprint as it is connected to the display ground via small copper tape for practical applications. The metal plate of a 14-inch display measuring 182 mm × 315 mm is selected as the large display ground. Details of the proposed, self-isolated antenna are shown in Fig. 1(b) . The design has a symmetrical structure and comprises a coupled-fed, inverted-U-shaped loop and two parasitic shorted strips. In the middle of the loop are further loaded a pair of the L-shaped stubs above the feeding, coupling T strip for overall size reduction [4] . The widths of the inverted-U-shaped loop, the loaded stubs, and the coupling strip are all set to 0.5 mm for ease of studies. In this design, the loop and the antenna ground form a close-form loop structure, operating at the one-wavelength loop resonant mode in the 2.4 GHz band. Moreover, in order to achieve the additional upper band to cover the 5 GHz band for dual-WLAN-band notebook antennas, the parasitic shorted strips are symmetrically added on both sides of the feeding, coupling T strip.
CONFIGURATION OF THE PROPOSED ANTENNA
To keep a low profile of 6 mm (about 0.05λ at 2.4 GHz) and at the same time, to accommodate the 5 GHz parasitic strips, the loaded stubs above the coupling strip are designed to be bent into an L shape, different from those vertical stubs reported in the single-band, 3.5 GHz self-isolated antenna [4] , in which the antenna height of about 0.07λ at 3.4 GHz is larger. In this design, the length L of the loaded stubs and the gap g between the coupling strip and the parasitic strips (see insets in Fig. 7 ) are used and carefully fine-tuned for adjusting the 2.4 and 5 GHz bands respectively. The results of the related studies and the controlling mechanism will be discussed in the following sections.
EXPERIMENTAL AND SIMULATION RESULTS
To analyze the controlling mechanisms of the design, rigorous simulation studies with the aid of the electromagnetic solver, ANSYS HFSS [5] are conducted; a few results selected are presented in this paper. Fig. 2 shows the measured and simulated return losses for the design prototype shown in Fig. 1 . The 2.4/5 GHz WLAN bands are marked by the two shaded frequency ranges. For testing the prototype, a short, 50-Ω mini-coaxial cable of length about 70 mm was used to feed the coupling T strip across a small gap of 1 mm. It is seen that the experimental data agree well with the simulation results. Two resonant modes respectively in the lower and the upper bands are generated. The impedance matching in the 2.4 and 5 GHz bands all exceeds the 7.3-dB return loss (about VSWR of 2.5), which is widely accepted for the industrial specification for small-sized, WLAN notebook antenna applications.
The corresponding, simulated surface-current distributions in vector forms for the design excited at 2445 and 5490 MHz are presented in Fig. 3 . First, the surface currents for 2.4 GHz operation are seen mostly populated on the coupling T strip and the close-form loop structure, including the current path on the small antenna ground. Two current nulls, denoted as a cross in the figure, are seen in the middle of the inverted-U-shaped loop above the coupling strip and on the antenna ground below the feed port. This behavior suggests that the inverted-U-shaped loop in combination with its image currents on the antenna ground exhibit a self-balanced, one-wavelength loop resonance [6] [7] [8] [9] [10] [11] . Thus, the 2.4 GHz loop in this design can offer the self-isolated properties [3, 4] when more than two of the said loops are employed in the multiple antenna system. For the antenna excited at 5490 MHz, relatively larger currents are distributed on the driven coupling strip and the two parasitic strips (no current nulls observed on parasitic strips). These results indicate that the 5 GHz operation is mainly attributed to the quarter-wavelength monopole mode of the two parasitic strips. Two reference antennas, Ant1 and Ant2, as shown in Fig. 4 are further analyzed. The dimensions are kept the same without re-optimization for studies. For the design without the parasitic strips (see Ant1), only the loop resonance in the lower band is excited and detuned toward 2.58 GHz with no 5 GHz band obtained. This confirms again that the upper-band resonance is mainly caused by the two parasitic strips in the proposed design. On the other hand, for the case of no L-shaped stubs loaded above the coupling T strip (see Ant2), the loop resonant mode is seen moved to about 2.84 GHz. This is expected because the stubs are employed to achieve lower antenna frequencies in smaller antenna size [4] while the operating frequencies in the upper band are comparatively less affected. Notice that the effects of the loaded stubs on the 5 GHz band are much less than those on the loop mode in the lower band. Nonetheless, due to a small gap (0.9 mm here) between the stubs and strips, the antenna frequencies in the upper band for Ant2 vary to some extent. Finally, the results of the feeding and coupling T strip only (without U-shaped loop, loaded stubs, and shorted strips) are also investigated but not shown for brevity. Over the 2-6 GHz frequency range, the resistance of the input impedance is at a level of about 7-11 Ω with zero reactance about 6 GHz, suggesting that the coupling strip is non-responsive and does not interfere with the desired operating bands.
The antenna over-the-air (OTA) performance was studied, and the measurement was taken at our SATIMO chamber of model SG 64 [12] . Fig. 5(a) and (b) shows the measured radiation patterns in E θ and E φ fields for the antenna at 2442 and 5490 MHz, the center frequencies of the 2.4 and 5 GHz WLAN bands. The two-dimensional (2D) patterns are normalized with respect to the peak antenna gain in each cut. In general, the omnidirectional radiation patterns are observed in the x-y planes over the lower and the upper bands. In the elevation planes (x-z and y-z cuts), the radiation patterns at 2442 MHz are different from those of the quarter-wavelength monopole and IFA designs [13, 14] , in which larger radiation above the display ground plane is observed. Instead, in this study the pattern nulls occur in the +z direction in the lower band; this characteristic is similar to the radiation patterns of the one-wavelength loop structure at 5775 MHz in [15] . For radiation at 5490 MHz, the patterns contributed to by the two parasitic strips yield similar radiation to the radiation at the said frequency of the quarter-wavelength monopole that has the 2.4 GHz resonant portion loaded to the 5 GHz one [14] . Fig. 6 presents the measured peak antenna gain and antenna efficiency against frequency. The peak gain in the 2.4 GHz band is about 4.4 dBi with antenna efficiency of 63-71%. For 5 GHz band, the gain is in the range of 4.2 to 5.4 dBi with efficiency of 63-75%. Notice that the OTA measurement here took account of antenna mismatch loss; the realized gain [16] and the antenna efficiency [17] are thus measured in the chamber.
PARAMETRIC STUDIES
To further demonstrate the controlling mechanisms, two parameters are selected for discussions. First, the simulated return losses for the design as a function of the length L of the L-shaped stubs are given in Fig. 7(a) . As described in the aforementioned section, the symmetrical coupled-fed loop is loaded with a pair of the L-shaped stubs for size reduction for the 2.4 GHz WLAN band. In general, the larger the stub length L is, the lower the lower-band frequencies become, and vice versa. For example, the length L of 5.3 mm results in the resonance at about 2.37 GHz while the upper band is less affected with the upper-edge frequency shifted toward lower frequencies. In this case, the achievable operating bandwidth in the upper band is decreased, and thus the length L of 4.3 mm for the stubs is near the optimum. Also notice that without the L-shaped stubs, the higher the lower-band frequencies become (see resonant mode at 2.84 GHz in Fig. 4 ). Figure 7(b) shows the results for the return losses as a function of the gap g between the coupling T strip and the parasitic strips. It is easy to see that the gap g (that's, the location of the parasitic strips) has larger effects on the upper-band resonance with the lower-band operating frequencies and the impedance thereof almost unchanged. With a decrease in the gap g, the antenna frequencies in the upper band increase. Notice that a larger value of the gap g will lead to strong coupling between the open end of the strip and the inverted-U-shaped loop, which can degrade the desired 5 GHz band. The results shown in Fig. 7 also reflect that the occurrence of the upper-band resonance is dominated by the parasitic strips as discussed in Fig. 4 .
THREE-SELF-ISOLATED-ANTENNA SYSTEM
Three proposed antennas arranged in close proximity and placed above the display metal plate (see inset in Fig. 8 ) are also studied. The dimensions for all these antennas remain the same (no re-optimization). The distance between the two nearby antennas (Ant1&2 and Ant2&3) is set to 4 mm (less than 0.03λ at 2.4 GHz) such that the total length of the three-antenna system is no more than 100 mm, which is conventionally required by the antenna suppliers for the two-WLAN-antenna system in the notebook industry. The simulated S-parameters of the three antennas are presented in Figs. 8(a) and (b). The resonance and the impedance matching for 2.4 GHz operation are almost the same, and the isolation is better than 17 dB. For 5 GHz operation, the obtained impedance bandwidth is about the same with port-to-port isolation better than 14 dB. Notice that the isolation is even better than 17 dB between Ant1 and Ant3 because these two antennas are spaced farthest apart (38 mm in this case). Due to the symmetrical structure together with the self-isolated properties, the proposed design can be combined with the same on both sides with similar isolation characteristics. From the results (a) (b) Figure 8 . Simulated S-parameters for the three self-isolated antennas placed above the display metal plate: (a) S 11 for Ant1, S 22 for Ant2, S 33 for Ant3 and (b) S 21 , S 31 , S 32 for isolation between these antennas.
Figure 9.
Simulated ECCs based on the simulated, complex, E-field radiation patterns for Ant1, Ant2, Ant3 studied Fig. 8 .
in Fig. 8 , it is clearly seen that the isolation in the 2.4 GHz band for Ant1&2, Ant2&3, Ant1&3 is very similar. However, if the separation distance between the antennas further reduces to 2 mm (results not shown for brevity), the isolation in the 2.4 and 5 GHz bands can become poor at about 12 dB, which is unwanted. The ECCs for the three-antenna system are shown in Fig. 9 . The envelope correlation is also obtained from the ANSYS HFSS simulation, which computes the Hermitian product of the two far-field radiation patterns with each normalization [18] . Good ECCs of less than 0.26 and 0.04 are obtained over the 2.4 and 5 GHz bands respectively, which are better than the value 0.5 as suggested for mobile devices reported in [19] .
CONCLUSION
A low-profile, self-isolated printed antenna well suited to notebook applications for dual-band WLAN operation has been presented. The compact footprint of the design, including the small antenna ground, occupies merely a small size of 6 mm × 30 mm. The self-isolated properties in the 2.4 GHz band are formed by using the close-form loop structure operating at its one-wavelength resonance and fed by a coupling T strip. The compactness of the design is achieved by loading a pair of the L-shaped stubs in the middle of the loop above the coupling strip. By carefully adding two parasitic strips to the loop, additional monopole resonance for 5 GHz operation can be attained. The measured antenna efficiency for both the 2.4/5 GHz bands exceeds 63%. For the three-proposed-antenna system, the simulated port isolation between any two antennas is better than 17 and 14 dB with the ECCs less than 0.26 and 0.04 over the 2.4 and 5 GHz bands. The proposed self-isolated antenna can be a good candidate for future multiple notebook antennas in the Gbps communications.
